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ABSTRACT:
In order to better understand bone conduction sound propagation across the skull, three-dimensional (3D) wave prop-
agation on the skull surface was studied, along with its dependence on stimulation direction and location of a bone
conduction hearing aid (BCHA) actuator. Experiments were conducted on five Thiel embalmed whole head cadaver
specimens. Stimulation, in the 0.1–10 kHz range, was sequentially applied at the forehead and mastoid via electro-
magnetic actuators from commercial BCHAs, supported by a 5-N steel band. The head response was quantified by
sequentially measuring the 3D motion of 200 points (15–20mm pitch) across the ipsilateral, top, and contralat-
eral skull surface via a 3D laser Doppler vibrometer (LDV) system, guided by a robotic positioner. Low-frequency
stimulation (<1 kHz) resulted in a spatially complex rigid-body-like motion of the skull that depended on both the
stimulation condition and head support. The predominant motion direction was only 5–10 dB higher than other com-
ponents below 1 kHz, with no predominance at higher frequencies. Sound propagation direction across the parietal
plates did not coincide with stimulation location, potentially due to the head base and forehead remaining rigid-like
at higher frequencies and acting as a large source for the deformation patterns across the parietal sections.
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I. INTRODUCTION
Bone conduction hearing aid (BCHA) treatment has
become the standard of care for patients suffering from con-
ductive or mixed hearing loss who cannot wear conventional
hearing aids (Hulecki and Small, 2011; Pfiffner et al., 2011).
In young children, a BCHA is usually worn on a headband
that is placed on the forehead or on the mastoid. Another
indication is for patients with single-sided deafness. The
aim of BCHAs in this instance is to route sound from the
deaf side to the hearing side. The efficacy of the sound prop-
agation by BC from the BCHA to the target ear depends on
several important aspects.
First, the propagation of the sound energy could involve
several possible pathways through which sound reaches and
stimulates the cochlea. Most authors agree that these path-
ways and their interactions depend on frequency and on the
state of the middle ear ossicles (Tonndorf, 1966; Stenfelt,
2006; Stenfelt and Goode, 2005a; Stenfelt, 2016). Five pos-
sible pathways have been generally accepted, which can be
split into two main groups: (1) osseous pathways involving
bone vibration resulting in inertial motion of the inner ear
fluid (Kim et al., 2011; Stenfelt, 2015) and middle ear
ossicles (Homma et al., 2010; Stenfelt, 2006; Stenfelt et al.,
2002) or deformations of the otic capsule (Stenfelt, 2015;
Tonndorf, 1966; von Bekesy, 1960) and external auditory
canal (Brummund et al., 2014; Stenfelt et al., 2003). (2)
Non-osseous pathways include sound vibrations of the skin
covering the skull or by pressure transmission within the
contents of the skull, such as brain tissue and cerebrospinal
fluid via the internal auditory canal, cochlear aqueduct, and/
or vestibular aqueduct to the cochlea (Sohmer and Freeman,
2004; Sohmer et al., 2000; Sim et al., 2016; R€o€osli et al.,
2016). The contribution of each of these pathways, their
interaction and frequency dependency, and how they are
activated by different BCHAs to induce the final sensation
of hearing is still a matter of debate.
Second, the site of stimulation influences perception. In
the case of contralateral stimulation in patients with SSD,
sound propagates across the head via one of the abovemen-
tioned pathways to stimulate the contralateral cochlea. In
such a case, the frequency dependence of the resulting trans-
cranial attenuation is critical for the optimal operation of the
BCHA or for sufficient masking during clinical measure-
ments of monaural BC thresholds (Hood, 1960; Studebaker,
1964). However, transcranial attenuation varies consider-
ably between individuals ranging from 0 to 15 dB between
0.25 and 4 kHz (Hurley and Berger, 1970; Snyder, 1973;
Nolan and Lyon, 1981; Kompis et al., 2011). The transcra-
nial transmission is frequency and stimulation site depen-
dent as well (Stenfelt and Goode, 2005b; Eeg-Olofsson
et al., 2011a; Farrell et al., 2017, Mattingly et al., 2019).
The role of the different pathways involved in transcranial
transmission is not fully understood.a)Electronic mail: ivo.dobrev@usz.ch
J. Acoust. Soc. Am. 147 (3), March 2020 VC Author(s) 2020. 19850001-4966/2020/147(3)/1985/17
ARTICLE...................................
In the case of ipsilateral simulation, such as for patients
with bilateral BCHA, large transcranial attenuation is desired
as it is beneficial for binaural hearing (Stenfelt, 2012;
Håkansson et al., 2010). There is a general consensus that
stimulation closer to the cochlea is more efficient for ipsilat-
eral stimulation (Eeg-Olofsson et al., 2011b) and increases
transcranial attenuation (Eeg-Olofsson et al., 2011a).
However, the specific mechanisms of this localized transmis-
sion, which can be within a few centimeters, are still not
completely clear. This has been evidenced by previous stud-
ies involving stimulation via headband coupling at several
locations near the ear canal that have indicated that stimula-
tion superior-anterior to the pinna is more efficient than
behind the pinna (mastoid area) even with a similar distance
from the cochlea (Dobrev et al., 2016; Ito et al., 2011).
Several methods exist to quantify crucial parameters of
sound propagation under bone conduction stimulation includ-
ing: (1) response of the outer hair cells via otoacoustic emis-
sions (OAE) (Stump et al., 2018; Watanabe et al., 2008); (2)
motion of the temporal bones via laser Doppler vibrometry
(LDV) or via accelerometers (Stenfelt et al., 2002; Stenfelt,
2006), including 3D measurements of middle ear structures
(Dobrev et al., 2016) and promontory motion (Stenfelt and
Goode, 2005a; Eeg-Olofsson et al., 2008; Eeg-Olofsson et al.,
2013; Dobrev and Sim, 2018; Dobrev et al., 2019); (3) sound
pressure in the cochlea via miniature pressure sensors (Chhan
et al., 2013; Stieger et al., 2018; Hartl et al., 2016; Borgers
et al., 2019; Mattingly et al., 2019); and (4) sound pressure
within the cerebral-spinal fluid (CFS) (Dobrev et al., 2019,
Sohmer and Freeman, 2004). Most of the vibration measure-
ment methods used previously have been based on single
point measurements via LDV, accelerometer, or impedance
head. However, the skull surface exhibits a complex spatial-
temporal response to stimulation, as evidence by full-field
vibration measurements in dry skulls (Ogura et al., 1979;
McKnight et al., 2013), cadaver heads (Dobrev et al., 2017;
Hoyer and D€orheide, 1983), and living subjects (McLeod
et al., 2018). Thus, 3D velocity scanning methods that allow
for the measurement of the response of the full skull surface
would be beneficial for further analysis (Dobrev et al., 2017).
Levels of vibration of the cochlea (promontory) in
cadaver heads have been shown to be similar to those mea-
sured in the live human (Eeg-Olofsson et al., 2013). However,
large interindividual variations in the correspondence between
the level of vibration and hearing perception have been
reported. This may have been due in part to the use of velocity
measurement systems with only one sensitivity axis (Dobrev
and Sim, 2018; Dobrev et al., 2019). Thus, the complete 3D
motion of the skull needs to be considered in the form of the
magnitude and phase of the combined (maximum) velocity
vector, as it could be a better descriptor of BC hearing than
individual orthogonal components (Dobrev and Sim, 2018).
In general, further research has been needed to define the
dependence of bone conduction transmission on the location
of stimulation (Ito et al., 2011; Stenfelt, 2012; R€o€osli et al.,
2016; Sim et al., 2016). In addition, while finite element (FE)
models (Chang and Stenfelt, 2019) simulating the complex
interaction between a BCHA and the skull have been verified
against single-point measurements, there is still a need for
verification using full-field velocity data across the skull sur-
face. Thus, the overall goal of this study was to investigate
sound propagation across the skull surface following BC
stimulation including specific analyses of (1) 3D motion of
the head’s surface, (2) its spatial composition, and (3) its
dependence on stimulation location. Our hypothesis was that
the mode of sound propagation on the skull surface is fre-
quency dependent such that at high frequencies (>1 kHz)
there is significant contribution from both normal and tangen-
tial components.
II. METHODS
This study was approved by the Ethical Committee of
Z€urich (KEK-ZH-No. 2012-0136).
A. Measurement procedure
The experiments were conducted on five Thiel
embalmed (Thiel, 1992; Guignard et al., 2013) whole
head cadaver specimens in the age range of 51–83 years
(1 female, 4 males). For each head, two stimulation locations
[Fig. 1(A)] were tested: (1) mastoid at a position typical for
clinical audiometry, where the actuator is oriented approxi-
mately along the left-right direction, normal to the local skull
surface; (2) forehead, in the midline 5 cm above the root of
the nose, where the actuator is oriented approximately along
the anterior-posterior direction, normal to the local skull sur-
face. For both stimulation positions, a 5-N steel band was
used for coupling of the actuator to the skin’s surface
(Håkansson et al., 1986; Mattingly et al., 2015; Chang and
Stenfelt, 2019). The electromagnetic actuators from commer-
cial BCHAs (Baha
VR
Cordelle 2 and Baha 5 SuperPower)
were used to provide a stepped sine stimulus in the range of
0.1–10 kHz. Under each condition, the response of the skull
was monitored as motions of 200 points across the ipsilat-
eral, top and contralateral skull surface. In order to reduce
possible short and long-term drifts in the response of the
Thiel-preserved cadaver heads (Guignard et al., 2013), the
duration of the measurement of a single stimulation condition
was kept within 2–3 h and total measurement time for all con-
ditions was kept to 2–4 days.
B. Sample preparation
Overall sample preparation was done in a similar way to
Dobrev et al. (2017). Discussion of the choice of sample prepa-
ration and their temporal stability over the length of the experi-
mental sessions is included in Sec. IVA. To provide high
optical reflectivity for all three LDV beams across the measured
skull surface, retro-reflective glass microspheres (30–100lm in
diameter, P2453BTA-4.2 30–100lm, Cospheric LLC, CA,
USA) were adhered to the skull bone’s surface with a thin layer
of hair spray (any commonly available brand is acceptable).
Before application of the retro-reflective glass microspheres
(beads), the skull surface area was cleaned of fat and soft tissue
and dried with cotton. Additionally, heads were allowed to
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warm up to room temperature for 1–2h once taken out of
refrigeration in order to reduce any condensation on the bead’s
surface.
At both stimulation locations, static coupling forces for
the 5-N steel band were controlled with a spring gauge
(10N range, 0.1N accuracy, Light Line, Pesola,
Switzerland). While skin was removed from the upper sec-
tions of the skull, the skin around the mastoid and neck was
left intact. In these areas the skin thickness (including both
skin and subcutaneous tissues) varied from 4 to 9mm, which
is in the range for skin thickness recommended for Baha
Attract (Mattingly et al., 2015).
C. Measurement setup
A custom head support setup was developed to provide
unobstructed optical access to most of the lateral surfaces of
the skull, while mimicking the natural orientation and sup-
port of the human head [Fig. 1(B)]. The cadaver heads were
oriented in an upright position similar to Dobrev and Sim
(2018). With this configuration, most of the head’s weight
was supported by the remaining spine, consisting of C1 to
C4. For additional support, to prevent tipping of the head
and potential orientational drift during one measurement
session (i.e., 2–3 h), the cadaver heads were supported near
the skull base with four stiff metal rods (12-mm diameter
stainless steel) with sorbothane tips, providing gentle (< 5N
per rod) lateral support. This was especially relevant for
measurements at lower frequencies (below 0.5–1 kHz),
where head motion is heavily dependent on support (bound-
ary) conditions (Hoyer and Dortheide, 1983; McKnight
et al., 2013; Dobrev et al., 2017). The skull contents were
left intact, however, there were no measures taken to ensure
that there were no air pockets in the skull vault, which could
have affected the skull response.
For each stimulation condition, the response of the skull
was monitored as motion of the ipsilateral, top, and contra-
lateral skull surface (Fig. 2). Surface motion was quantified
by sequentially measuring the velocity of 200 points on
the skull surface (15–20mm pitch) via a three-
dimensional (3D) laser Doppler vibrometer (LDV) system
(3D CLV 3000, Polytec, Germany). The unique position and
orientation of the 3D LDV at each measurement location
was controlled and monitored via the robotic arm (KR 16,
KUKA, Germany) [Fig. 2(A)]. The orientation of the 3D
LDV was visually adjusted to be approximately normal to
the surface. The adjustment was done manually based on
visual observation, because head shape data were not avail-
able before the measurements. In addition, in order to reduce
total measurement time, the LDV orientation was adjusted
only per groups of points, as new sections of the skull where
being scanned. This approach reduced the measurement
time 2–5 fold, while incurring only 5% data loss, due to
oblique measurement angle at skull surface sections with
high curvature.
The actuators of a Baha
VR
Cordelle 2 (for head 1) and
Baha 5 SuperPower (for heads 2–5) (Cochlear Limited,
Australia) were used for excitation for both measurement
conditions. In all stimulation cases and devices, coupling
was provided via the 5N steel band. The actuators were
modified to allow for direct electrical stimulation from the
analog output of a data acquisition device (DAQ) (NI-4431,
National Instruments, USA) via an audio amplifier (RMX
850a, QSC, CA, USA). For each experimental condition, a
frequency stepped sinusoidal stimulus was applied to the
BC actuator at 11 frequencies in the range of 0.1–10 kHz:
0.1, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 10 kHz. The stimulus
at each frequency was presented continuously for 200ms
with a sinusoidal-shaped ramp up (onset) region of 20ms
and a constant stimulation voltage of 1 Vrms. Both actuators
were tested against an artificial mastoid (type 4930, Br€uel &
Kjær, Denmark), where they exhibited a resonance at
400–500Hz, with a peak force output of approximately 1N,
and no detectable anti-resonances.
The stimulus was provided five consecutive times (iter-
ations) per frequency for averaging purposes. The measure-
ment procedure was repeated sequentially for each
FIG. 1. (Color online) Overview of stimulation direction and location (A); head support and scan area (B). Noted is the correspondence between the anatom-
ical direction and the global (Glob) coordinate system used for data representation. Abbreviations: Ant. is anterior; Sup. is superior.
J. Acoust. Soc. Am. 147 (3), March 2020 Dobrev et al. 1987
https://doi.org/10.1121/10.0000933
measurement point, resulting in 2–3 h for all measurements
(200 points) per stimulation condition. The signal genera-
tion, motion response recoding and overall automation was
handled via a custom-made MATLAB script (MATLAB 2018a,
MathWorks, MA, USA). Each stimulus tone was digitally
synthesized as a sinusoidal waveform and output via the
analog output channel of the DAQ at 192 kS/s and 24 bit of
temporal and amplitude resolution, respectively. The DAQ
output is them amplified and send directly to the actuator,
bypassing the sound processor circuitry.
D. Coordinate systems
Within this work, three coordinate system (Fig. 3) areas
were used: (1) LDV; (2) global; (3) local. The LDV coordi-
nate system was defined by the 3D LDV system, where
ZLDV is along and XLDV and YLDV are perpendicular to the
optical axis of the system. The position and orientation of
the LDV coordinate system were known for each point,
based on the coordinates of the robot arm and calibration of
the LDV to the robot (Zhuang et al., 1994; Yaniv, 2015).
However, the relative orientation of the LDV coordinate
FIG. 2. (Color online) Overview of experimental setup: (A) robot holding the 3D LDV relative to the cadaver head, which is held by the custom head sup-
port setup; (B) scan area, with scan grid projected onto the skull surface, as well as the current location of the 3D LDV laser spot and the Baha actuator at
the mastoid held via 5N steel band.
FIG. 3. (Color online) Overview of coordinate systems: (A) anatomical, LDV, local, and global coordinate systems; (B) graphical definition of the local
coordinate system, based on the local surface normal and tangents. Included is the angle a, between the unit vectors of the optical axis (ZLDV) and the surface
normal (NSURF), and the angle b, between the unit vectors of the LDV Y-axis (YLDV) and surface tangent in the direction north (TNORTH). Abbreviations:
Ant. is anterior; Sup. is superior.; Coord. Sys. is coordinate system; Loc. is local.
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system could be arbitrary relative to the head or any relevant
anatomical direction or feature, thus hindering comparison
between measurement points. To overcome this, the velocity
data were transformed into global and local coordinate sys-
tems. The global (Glob) coordinate system was aligned with
the primary anatomical axis, such that: positive ZGlob was
pointing superiorly; positive YGlob was pointing posteriorly;
and positive XGlob was pointing to the right (Fig. 3A). The
center of Glob was at the center of a sphere, which had been
fitted (Yd, 2015; McKnight et al., 2013) to the point cloud
of measurement points. The Glob was used to express either
motion of the whole head, such as rigid body motion (RBM)
or the predominant direction of motion for the whole surface.
The individual axes of Loc were defined as: NSURF, pointing
laterally along the local surface normal (assuming a convex
surface); TNORTH and TEAST, surface tangents pointing
towards the north pole and eastwards, respectively, relative
to the sphere fitted to the measurement locations (Fig. 3B).
The Loc provided the means to express the longitudinal (in-
plane deformation) and transverse (out-of-plane deformation)
motion locally at each measurement point on the skull sur-
face (Dobrev et al., 2017; Khaleghi et al., 2015).
The spatial transformation from LDV to Glob was defined
based on two consecutive rotations. First, a rotation was applied
from ZLDV to ZGlob, based on the angle between the two corre-
sponding unit vectors (Rodriguez, 1840; Khaleghi et al., 2015;
Dobrev et al., 2017). Next, a rotation around the ZGlob was
applied based on the angle between the YLDV (in its intermedi-
ate orientation after the first rotation) and YGlob. Essentially,
this first rotated ZLDV to align with ZGlob and then rotated
YLDV to align with YGlob [Fig. 3(A)]. The spatial transforma-
tion from LDV to Loc (intrinsic) was defined in an equivalent
way, such that ZLDV was aligned with NSURF with a rotation
angle a andYLDV was aligned with TNORTHwith rotation angle
b [Fig. 3(B)]. It should be noted that the order of rotations mat-
ter, as b is the angle between the vectors YLDV and TNORTH,
after the rotation with angle a is applied to align ZLDV and
NSURF. The surface normal unit vector, unique for each mea-
surement point, was obtained from the shape of the skull, which
in turn was obtained by fitting a 2D surface to the point cloud
of the measurement points’ positions (Dobrev et al., 2017).
E. Estimation of rigid body motion contribution
The motion across the surface of the cadaver heads was
approximated as a combination of two spatial “modes” of
vibration (Stenfelt, 2011): (1) a pure rigid body motion
(RBM) with no relative motion (deformation) between indi-
vidual points and (2) motion resulting in local deformation,
due to relative motion between individual points. The RBM
is estimated by fitting a rigid body motion model to the data,
accounting for both the 3D velocity and spatial location of
each point in an equivalent way to previous publications
(Stenfelt et al., 2004; Sim et al., 2010; Dobrev et al., 2017).
In order to differentiate between the two modes, the dis-
similarity between the measured motion and the calculated
(fitted) RBM was estimated for each measurement point and
averaged across all points on the skull surface. This dissimi-
larity is referred to as RBM fit error (Dobrev et al., 2017)
within this work and is used as a method to quantify the
extent, to which the cadaver head undergoes pure rigid body
motion only, or local deformation. The RBM fit error is
quantified using two metrics: (1) the ratio of the RBM fit
and the measured motion and (2) the normalized difference
of the RBM fit and the measured motion. The ratio metric is
defined as the magnitude of the complex ratio between the
measured motion and the RBM fit prediction at each point.
The normalized difference metric is based on the difference
between the measured motion and the RBM fit prediction at
each point. The resulting difference is then normalized by
magnitude of the combined measured motion at the particu-
lar point in order to scale its significance relative to the total
observed motion (Dobrev et al., 2017). The ratio and nor-
malized difference are equivalent to the “relative velocity”
and “differential relative velocity,” respectively, used by
Stenfelt et al. (2002), however, applied on 3D velocity
data—one measured and one fitted.
All calculations were done individually for each motion
component, including the combined motion. While both
metrics were calculated per point, the final analysis was
done based on their average value across points, expressed
in the global coordinate system.
F. Combined spatial motion vector
At each measurement point, all three Cartesian compo-
nents of the velocity were measured, and the combined
velocity, VCOMB, was calculated based on methods
described previously (Dobrev et al., 2017; Dobrev and Sim,
2018). The VCOMB is calculated as the maximum of the
instantaneous vector sum of all three orthogonal velocity
components, such that it accounts for not only their magni-
tudes, but also their phase and direction. The VCOMB phase
corresponds to the time of the vibration cycle when the vec-
toral sum of the instantaneous magnitudes of the orthogonal
components (instantaneous vectoral sum) reaches a maxi-
mum (the VCOMB magnitude), at which point in time, the
vectoral sum points in a certain direction (the VCOMB direc-
tion). The VCOMB is similar to the commonly used quadratic
summation of the magnitude of all three orthogonal compo-
nents (Stenfelt and Goode, 2005b), however, the quadratic
summation could overestimate the maximum velocity at a
point, as it assumes no phase delay between the components.
As such, the quadratic summation provides an upper bound
for the magnitude of the VCOMB, while the actual magnitude
could be lower depending on the phasing between the
orthogonal components (Dobrev and Sim, 2018).
From a physiological perspective, the combined veloc-
ity is indicative of the total vibratory motion and it corre-
sponds total kinetic energy at a given measurement point,
regardless of measurement direction and coordinate system
(Dobrev and Sim, 2018; Stenfelt and Goode, 2005a). In
addition, the combined velocity was assumed to be a better
representation of the perceived sound (i.e., closer to hearing
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sensation), compared to any of the individual components
alone (Stenfelt and Goode, 2005a). Because of that, the
combined velocity was used to estimate the contribution of
the individual orthogonal (elementary) motion components
in the global and local coordinate systems, for both the mea-
sured motion and the RBM fit. The individual contribution
was defined as the magnitude of the complex ratio between
each orthogonal component relative to the combined veloc-
ity, at each point and on average across the skull surface.
G. Data processing
To reduce effects from random external disturbances,
such as LDV signal drop, measurements at each frequency
were repeated five times. Several types of quality checks
were applied to each data set (five iterations) at each fre-
quency to determine which data were to be further used,
equivalent to Dobrev et al. (2019). Considerations included
the signal-to-noise ratio (SNR), amplitude repeatability, and
coherence. The SNR was used to remove responses that
were too weak for the LDV to detect reliably. The amplitude
repeatability was used to remove individual iterations with
potentially erroneous data, possibly due to temporary drop
in LDV signal. The coherence was used to remove data,
which might have been affected by random external excita-
tion sources. The coherence calculation was based on the
magnitude-squared coherence provided by the function
“mscohere” in MATLAB 2018a (MathWorks, MA, USA).
After the application of all data quality criteria, the remain-
ing data (if available) were reduced to one averaged data
point (complex number) per frequency.
The mechanical point impedance at the stimulation
locations and the corresponding actuator force out was not
measured across the heads. Thus, corresponding raw motion
data were normalized by the driving voltage of the actuator.
This could have introduced potential variations in the actua-
tor’s force output at different locations and coupling types.
However, all data analysis within this work was based on
normalized values of contribution or spatial patterns of
vibration, which were assumed to be independent of stimu-
lation level.
The XLDV and YLDV axes of the 3D LDV system utilized
in this work had intrinsically lower (15–25 dB) SNRs com-
pared to the ZLDV (Dobrev et al., 2018). In addition, the skull
response at some locations was up to 30 dB lower than the
averages shown in Fig. 4, specifically above 2 kHz. The com-
bination of these two properties could result in greater than
30% data loss in the XLDV and YLDV axes of the 3D LDV
system across the surface of the head. While this phenomenon
did not compromise the analysis (e.g., motion composition,
RBM fit) and discussion of the averaged data across all mea-
surement points, it could have compromised the visual repre-
sentation of the spatial distribution of the combined velocity
or any velocity component across the skull surface, expressed
in any of the considered coordinate systems. In order to avoid
this problem, all spatial plotting of surface velocity data was
based on the raw data from the ZLDV, without any
transformation. This was considered sufficiently accurate rep-
resentation of the surface motion. More details on this method
are shown and discussed in Secs. III C and IVA.
All processing, analysis and data representation was
done via custom MATLAB scripts (MATLAB 2018a, MathWorks,
MA, USA).
H. Statistical methods
The statistical analysis was done in an equivalent way
to Dobrev et al. (2019). A paired-sample t-test (two-tailed)
was used to estimate the statistical significance of the dif-
ferences in the averaged magnitude response as a result of
any two measurement parameters (e.g., stimulation loca-
tion, motion components) within a specific frequency
range. In addition, the confidence interval for difference
between any two measurement data sets was estimated
based on the assumption of a normal distribution, which
was tested with a Lilliefors test (Lilliefors, 1967). A p-
value of <0.05 was used as a threshold for statistical sig-
nificance for all tests.
The averaged response, named “frequency-average,”
at each frequency and each test condition was calculated
by averaging the complex values of the velocity across
measurements points across the skull surface individually
for each motion component in each coordinate system.
Thus, the velocities of all 150–220 measurement points
(depending on measurement condition and data quality)
across the skull surface were represented by one number
for each measurement frequency, motion component (3
per systemþ 1 combined), coordinate system (global or
local), and measurement condition (mastoid or forehead
stimulation). In the case of data normalized by the com-
bined motion, individual motion components were nor-
malized before calculation of the frequency-average of all
points.
Since only five samples were available for this study
per frequency point, data at all frequencies within a
FIG. 4. (Color online) Average response of all measurement points
(N¼ 170–210) across the skull bone surface of all heads (N¼ 5) for mas-
toid (A) and forehead (B), expressed in a global coordinate system.
Corresponding average SNR for each stimulation condition is included.
Figure inset illustrates stimulation direction.
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specified frequency band were used for comparison. This
metric was named “band-average” (Dobrev et al., 2019).
There were four frequency bands under consideration, low
(0.1–0.5 kHz), low-mid (0.5–1.5 kHz), mid (1.5–4 kHz), and
high (4–10 kHz). The choice of the specific band limits was
guided by preliminary analysis and observations of the col-
lected data, and different trends in each band.
Since the band-average was a single value for each
band, it was plotted as a flat line within each band, the
length of which represented the width of the band. An upper
and lower bound for a 95% confidence interval was calcu-
lated based on the average (median) response of each indi-
vidual sample within the specific frequency band. Statistical
significance (p< 0.05) of the difference between any two
measurements was marked with an “o” on the center of the
band.
It should be noted that no adjustment was applied for
the use of multiple t-tests (used  200 times across the
data set). Due to the small sample size (n¼ 5), no further
statistical analysis or corrections were done. Thus, the
uncorrected t-test results were used to indicate potential
trends rather than rigorous statistical proof of significant
difference.
III. RESULTS
A. Average skull response and direction
1. Average response of the skull bone’s surface
Figure 4 illustrates the averaged response and corre-
sponding SNR of all measurement points (N¼ 170–220)
across the skull surface for stimulation at the mastoid and
forehead. The averaged response is expressed as the three
individual (elementary) orthogonal components and the
combined motion in the global coordinate system. Each
graph contains both the average of all heads (thick lines) as
well as the individual responses (thin lines). This figure
provides an overview of the raw data before any normali-
zation or RBM fitting showing the general frequency
behavior of the two stimulation locations, as well as the
SNR.
The first sample (head 1) was stimulated with the Baha
Cordelle 2 actuator. For the rest of the samples, a Baha 5
SuperPower actuator was used. This difference in stimula-
tion devices caused the raw (non-normalized) response of
head 1 to be 10–20 dB lower than the rest of the heads,
resulting in a drop of the SNR for some components to
below 20 dB> 3 kHz. This is illustrated in Fig. 4, where
head average curves are based on the data of heads 2–5
only. This separation is done only in this figure, while data
from all heads were included in the statistics throughout the
rest of this work. Regardless of the difference in actuators,
all samples followed a qualitatively similar trend with
frequency.
2. Predominant motion direction
The predominant head motion, under each stimulation
condition, was estimated based on the contribution (i.e.,
complex ratio) of the individual motion components to the
total (combined) motion. This approach compensated for
variation in the frequency dependent response of the BCHA
actuator across heads. The contributions at each point were
then averaged across points. The averaged contribution and
its 95% confidence interval per frequency band (see Sec.
II H for details) of each motion component was calculated
for both stimulation conditions and expressed in global
[Figs. 5(A) and 5(B)] and local [Figs. 5(C) and 5(D)] coordi-
nate systems.
For mastoid stimulation below 1 kHz [Fig. 5(A)], the
XGlob component, which was along the stimulation direc-
tion, had a 2–8 dB larger (95% confidence interval) contri-
bution than did the other orthogonal components. The YGlob
and ZGlob components had approximately the same contri-
butions. For forehead stimulation below 1 kHz [Fig. 5(B)],
the YGlob component had a 2–16 dB larger contribution than
the ZGlob, and a 3–20 dB larger contribution than the XGlob
components. This was consistent with the stimulation direc-
tion’s being approximately along the YGlob axis, as shown
in Fig. 1(A). However, the predominance of the motion
along the stimulation direction was not statistically signifi-
cant for any of the stimulation locations. Above 2 kHz, all
FIG. 5. (Color online) Averaged contribution of each orthogonal motion component of the skull bone surface motion for mastoid [(A), (C)] and forehead
[(B), (D)] stimulation, expressed in a global [(A), (B)] and local [(C), (D)] coordinate systems. Figure inset illustrates stimulation direction. Abbreviations:
Comb. is combined motion.
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components had approximately similar (within 1–3 dB differ-
ence on average) contributions for both stimulation locations.
For mastoid stimulation, the contribution of all motion
components in the local (Loc) coordinate system was within
1–3 dB of each other overall for all frequencies. For stimula-
tion on the forehead below 0.5 kHz, the surface tangent
component, TNORTH, was 3–10 dB smaller relative to the
other components (statistically significant relatively to
NSURF). However, the contribution of the tangential compo-
nent TNORTH increased with frequency, reaching a statisti-
cally significant predominance of 0.5 to 4 dB above 4 kHz,
relative to the other two components.
B. Rigid body motion (RBM)
1. How well did low frequency motion fit to RBM?
Figure 6 displays the relation between the rigid-body-
motion (RBM) fit and the measured motion, expressed in
three different ways in the global coordinate system. The left
column of Fig. 6 [panels (A) and (D)] displays a comparison
of the average (across points) of the measured motion and
RBM fit for the individual components and the combined
motion. Deviation between any of the corresponding compo-
nents would indicate deformations in the corresponding
direction. The middle column [panels (B) and (E)] represents
the ratio of the RBM fit versus the measured motion, for the
individual motion components. In this case, the presence of
deformations would be indicated by a ratio that was signifi-
cantly different from 0 dB (e.g., ratio of 1), indicated visually
as a thick black dashed line (threshold). The right column
[panels (C) and (F)] displays the normalized difference (see
Sec. II E) between the RBM fit and the measured motion. In
this case, the presence of deformations would be indicated by
values approaching 0 dB. For this metric, a threshold of
6 dB (indicated visually as a thick black dashed line) was
selected as an indicator for a sufficiently small error for RBM
fit. Details on the reasoning behind selecting these threshold
values is given in Sec. IVC.
FIG. 6. (Color online) Comparison of the rigid body motion (RBM) versus the measured motion across the skull surface for the forehead (top row) and the
mastoid (bottom row) stimulation, in global coordinate system. The comparison of each orthogonal component and the combined motion is expressed as (A,
D) absolute value comparison; (B, E) magnitude of the complex ratio; (C, F) normalized difference. Figure inset illustrates stimulation direction.
Abbreviations: Meas. is measurement; Norm. diff. is normalized difference.
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For mastoid stimulation [Fig. 6(A)] below 1.5 kHz, the
RBM-fit differed from the measured motion along the
XGlob-axis (presumed stimulation direction) at all frequen-
cies. In contrast, the RBM-fit matched the data better (no
statistical difference below 1 kHz) along the YGlob, perpen-
dicular to the stimulation direction. At higher frequencies,
all components of the RBM fit were significantly lower
(9–17 dB) than the measured motion.
For forehead stimulation below 1.5 kHz [Fig. 6(D)] (pre-
sumed stimulation direction is along the YGlob-axis), the
YGlob component (approximately along the stimulation direc-
tion) was dominant and nearly identical (<1 dB deviation) to
the average response for both RBM fit and measured motion.
At higher frequencies, the RBM underestimated the measured
motion by up to 9–17 dB, for both stimulation locations.
Figures 6(B) and 6(C) indicated similar trends, where
for mastoid stimulation above 1.5 kHz, both the ratio and
normalized difference metrics had significant deviations
from RBM for all motion components. At lower frequen-
cies, only the YGlob component did not indicate significant
difference from RBM. Similarly, for forehead stimulation
below 1.5 kHz [Figs. 6(E) and 6(F)], only the YGlob compo-
nent showed no significant difference from the 0-dB ratio
and an average of 17 to 10 dB normalized difference,
significantly below the 6-dB threshold.
2. RBM composition
Figure 7 is a detailed display of the composition of the
RBM relative to the combined motion. The RBM consists of
three translational (TX, TY, TZ) and three rotational (xX, xY,
xZ) components. The three translational components
describe the common velocity of all points on the surface
and define the motion of the geometrical center of the
“body” of points, along a corresponding orthogonal axis in
the global coordinate system. For example, TX is linear
velocity component of the RBM motion, common for of all
points of the “body,” along the global X-axis. The three
rotational components describe the motion of the body of
points around the corresponding axis of rotation, for a
FIG. 7. (Color online) Motion composition of the rigid body motion (RBM), expressed as the magnitude of the complex ratio of the translational (T) (A, C)
and rotational (x) (B, D) motion components, normalized by the corresponding combined motion. Stimulation was provided at the mastoid (A, B) and the
forehead (C, D).
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coordinate system at the geometrical center of all measured
points, which is aligned with the global coordinate system.
For example, xX is the rotational velocity component of the
RBM motion of all points around an axis at the center of the
“body” of points, parallel to the global X-axis. Further
details of the RBM definition area provided by Sim et al.
(2010). Statistics were based on comparison of any compo-
nent with its corresponding combined motion. Based on the
predominant trend of the RBM fit error, as shown in Fig. 6,
only data below 1.5 kHz in Fig. 7 were considered for dis-
cussion purposes.
Under mastoid stimulation [Figs. 7(A) and 7(B)], the
samples exhibited a trend for predominant TY and TX trans-
lation, corresponding linear motion along the YGlob and
XGlob axes, which was approximately along the stimulation
direction. The resultant rotational motion had a predominant
xZ component, corresponding to rotation around the ZGlob
axis, with comparable (within 1–5 dB) contribution from all
rotation axis.
Under forehead stimulation [Figs. 7(C) and 7(D)], the
samples exhibited a predominant YGlob translation, TY, with
a comparable (within 1–3 dB) contribution from the XGlob
translation, TX. The resultant rotational motion was domi-
nated by xZ component, corresponding to YGlob-axis rota-
tion, being 15 dB higher than the other two rotational
components below 0.5 kHz.
C. Surface wave pattern with varying stimulation
location
1. Correlation between ZLDV and VCOMB
In order to maximize the skull surface coverage in the
analysis of the surface motion, while utilizing data with suf-
ficiently high SNR, ZLDV (in the raw LDV coordinate sys-
tem) was used to express the surface response at and above
2 kHz, instead of the combined motion at each point,
VCOMB. This was done because ZLDV, of the 3D LDV sys-
tem, had a 15–25 dB lower noise floor (Dobrev et al., 2019)
than the other two components, thus resulting in the highest
number (>90% versus 50%–80% for the other two compo-
nents) of points with good SNR. The similarity between the
ZLDV and VCOMB was estimated based on the average of the
spatial correlation of the velocity maps, as described by
Dobrev (2014). This metric indicated a range of 91%–97%
spatial correlation across all heads, with higher values for
lower frequencies. Figure 8 is a representative comparison
of instantaneous velocity maps at 2, 4, and 8 kHz under fore-
head stimulation of head 4.
2. Deformation wave patterns at mid and high
frequencies
Figures 9 and 10 compare the instantaneous velocity
maps across the surface of five skulls for stimulation at the
mastoid and forehead, at 2 and 8 kHz. In each velocity map,
white dashed lines with arrows indicate the trajectory and
direction of the traveling wavefront in the local deformation
pattern near the dashed lines. Deformation patterns not
marked with white dashed lines correspond to stationary
patterns due to local standing waves. For better visualization
of the vibration patterns in Figs. 8–10, please refer to the
corresponding movies (Mm. 1–3).
Mm. 1. Visual comparison between the motion components
in Fig. 8. This is a file of type “mp4” (8.6 MB).
Mm. 2. Skull surface motion maps for mastoid stimulation
in Fig. 9. This is a file of type “mp4” (10 MB).
Mm. 3. Skull surface motion maps for forehead stimulation
in Fig. 10. This is a file of type “mp4” (10.1 MB).
Within Figs. 9 and 10, the cadaver heads (CH) are
referred by numbers 1–5, such that, for example, CH1 stands
for cadaver head 1. For mastoid stimulation at 2 kHz (Fig. 9,
left column), there was a common spatio-temporal behavior
of the deformation pattern across the ipsilateral (right) side,
in all heads. The pattern consisted of 2 local extrema (alter-
nating between maxima and minima) forming a traveling
FIG. 8. (Color online) Visual comparison between the ZLDV (in raw LDV coordinate system) and VComb (combined motion) based on the instantaneous
velocity map at 2, 4, and 8 kHz for forehead stimulation, including corresponding spatial correlation values. Figure insets illustrate the approximate orienta-
tion of the head and scan area in each of the left and right views. Color bars are in units of lm/s/V. See Mm. 1 for video version.
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FIG. 9. (Color online) Skull surface motion maps of cadaver heads (CH) 1–5, based on the instantaneous velocity, for mastoid stimulation at 2 and 8 kHz.
Indicated are the actuator location (pink dot), the estimated wave origin (white circle), and wave motion direction (white arrows). Figure insets illustrate:
(bottom left) the approximate location of the scan (measurement) area relative to the skull plates; (top right) the approximate orientation of the head and
scan area in each of the left and right views. Color bars are in units of lm/s/V. See Mm. 2 for video version.
FIG. 10. (Color online) Skull surface motion maps of cadaver heads (CH) 1–5, based on the instantaneous velocity, for forehead stimulation at 2 and 8 kHz.
Indicated are the actuator location (pink dot), the estimated wave origin (white circle), and wave motion direction (white arrows). Figure insets illustrate:
(bottom right) the approximate location of the scan (measurement) area relative to the skull plates; (top right) the approximate orientation of the head and
scan area in each of the left and right views. Color bars are in units of lm/s/V. See Mm. 3 for video version.
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wave originating from the posterior-inferior part of the skull,
approximately around the interface between occipital and
parietal bones. The wavefront then travelled anteriorly,
deforming primarily the inferior half of the skull (inferior
parts of the parietal and superior part of the temporal bones),
with some activation of the anterior-superior sections,
approximately near the interface between parietal and fron-
tal bones. The distribution of the velocity pattern (for mas-
toid stimulation at 2 kHz) on the contralateral (left) side was
qualitatively similar to the ipsilateral (right) side, at least
from the spatial distribution perspective. However, on the
contralateral side, only head 1 exhibited clear traveling
wave behavior from the occipital to the frontal bones, while
the other samples showed either a purely standing wave pat-
tern (heads 3 and 4) or a very localized traveling wave pat-
tern (head 2, near the parietal-occipital interface).
For mastoid stimulation at 8 kHz (Fig. 9, right column),
the full skull surface was activated, consisting of primarily
traveling wave patterns. On the ipsilateral side (right), the
wave pattern appeared to originate at a similar location as at
2 kHz, namely, around the interface between occipital and
parietal bones. A common behavior of the wave pattern for
all heads was a circumferentially travelling wavefront
(“wave train”) from the interface of the base, occipital and
parietal sections on the ipsilateral side (visual origin area),
to a diametrically opposing area on the contralateral side,
approximately at the interface of the frontal, parietal and
temporal bones. A similar “wave train” behavior has been
reported by McKnight et al. (2013).
The spatial density (distance between neighboring local
minimal and maxima) of the 8 kHz deformation patterns
(Dobrev et al., 2017) varied approximately 10% to 30%
between skulls; however, there were also location-
dependent variations across each skull. Specifically, local
deformations near the wave’s origin at the parieto-occipital
interface at the posterior-inferior of the ipsilateral side
(beginning of the “wave train”) and near the parietal-base-
frontal interface on the anterior-inferior of the contralateral
side (end of the “wave train”) showed 50%–100% higher
spatial density than across the superior half of the skull. The
overall wave speed was estimated to be in the range of
350–450m/s.
For forehead stimulation at 2 kHz (Fig. 10, left column),
there was a travelling wave pattern originating from the
anterior-superior part of the skull, around the parietal-frontal
interface, moving symmetrically to the left and right sides
of the inferior sections of the skull. The deformation pattern
on either side of the skull was localized to the inferior sec-
tions near the skull base. The wave patterns were qualita-
tively similar in shape and spatial density to the ipsilateral
motion pattern under mastoid stimulation; however, the
wave fronts were moving in the opposite direction (anterior
to posterior).
For forehead stimulation at 8 kHz (Fig. 10, right col-
umn), the full skull surface was activated, exhibiting primar-
ily traveling wave patterns. The wave pattern appeared to
originate along the full length of the parietal-frontal
interface, travelling posteriorly as a “wave train.” The wave-
fronts appeared axially symmetric around the YGlob axis
(anterior-posterior), with the exception of the response of
head 1, where the right side showed a less organized pattern
than the left due to the presence of wavefronts travelling in
other directions. There was a disruption in the pattern of the
wavefronts near the interface with the skull base, causing
local wave patterns.
The spatial density of the local extrema within the
velocity maps for forehead stimulation varied between
heads in a similar way as for mastoid stimulation. In other
words, heads exhibiting longer wavelengths at 8 kHz under
forehead stimulation exhibited similarly longer wavelengths
under mastoid stimulation. For example, at 8 kHz for mas-
toid stimulation (Fig. 9), head 2 vibration pattern exhibits
approximately 2.5 wavelengths (i.e., starting from the stimu-
lation location: maxima-minima-maxima-minima-maxima)
along a circumference from the stimulation location to the
top of the skull. In contrast, under the same stimulation con-
ditions, the head 3 vibration pattern exhibits only 1.5 wave-
lengths, thus 40% longer wavelength. This ratio of
wavelengths between heads 2 and 3, observable within the




1. Choice of samples and their temporal stability
Thiel embalmed heads, instead of fresh heads, were
used because a full set of measurements for each head took
 2–3 days. This time period would have been too long to
assume a sufficiently consistent dynamic response if fresh
heads were used, as indicated by previous research
(Guignard et al., 2013) comparing fresh and Thiel-preserved
temporal bones. The test schedule for this study was orga-
nized such that the measurement time per measurement con-
dition was kept to 2–4 h. For such a time window, previous
work has indicated a potential temporal drift of 1–3 dB with
a 5N steel band coupling (Dobrev et al., 2019). However,
the range of the measured motions between local extrema
across the skull was 20–40 dB, thus much larger than any
potential short-term drift. In addition, qualitatively similar
wave patterns have been observed previously (Dobrev et al.,
2017) using measurement times of less than 0.5 h. Thus, it
can be assumed that the measured motion patterns were not
affected significantly by potential methodological
constraints.
The effect of the removal of the skin on the response of
the skull surface have been previously explored by Dobrev
et al. (2017), where a frequency shift downwards in the fre-
quency response, and the transition frequency in particular,
was observed. This was potentially due to the added effec-
tive damping and mass from the skin. Such downwards
shifts have been observed before due to the loading from the
contents of the skull in the case of CSF (Dobrev et al.,
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2016) and gel (Franke, 1956). The overall amplitude of the
average response of the skull surface could also have been
increased due to the removal of the skin. However, it is
hypothesized that these potential changes do not affect in a
significant way the conclusions within this work, and the
observations would still hold for intact skulls.
2. Skull surface treatment and SNR considerations
During preliminary tests it was found that most of the
detectable (>0.5–1 dB) variations in the velocity measure-
ments, within 2–3mm of a specific location on the skull sur-
face, could be reduced by careful treatment of the skull
surface at the measurement area. This included removing all
soft tissue and moisture from the surface before applying
the retroreflective spheres. The LDV signals from the retro-
reflectors were maintained in the range of 90%–100% of the
maximum for the LDV in order to maximize SNR for all
motion components (Dobrev et al., 2019).
Overall, the SNR of all motion measurements deterio-
rated below 0.25 kHz [Figs. 4(A) and 4(B)], due to the
higher mechanical impedance of the skull (Stenfelt and
Goode, 2005b). In addition, due to its optical design, 3D
LDV system has a higher (15–25 dB) noise floor for XLDV
and YLDV than ZLDV. (Dobrev et al., 2019). Overall, low-
SNR data did not affect any of the trends and corresponding
observations in this work.
3. Validity of the use of a single motion component
to visualize surface waves
Qualitative visual inspection as well as quantitative spa-
tial correlational analysis of the data displayed in Fig. 8 indi-
cated a sufficient correlation (92%–95% for head 4, and
91%–97% across heads, at 2–8 kHz) of the spatial pattern
and direction of propagation of the surface wave pattern of
the ZLDV and VCOMB. In addition, data displayed in Fig. 5,
for both stimulation locations, indicated similarity (within
1–3 dB) of the average response of all motion components
above 1.5 kHz, in both local and global coordinate systems.
Together, these observations support the assumption that
using the raw Z-axis output (along the optical axis) only of
the 3D LDV system was sufficiently accurate to represent
the skull surface motion within the scope of the analysis of
this work. This allowed for a greater amount of data with
sufficient SNR to be included in the analysis of surface
wave patterns. This also supports the validity of the findings
from previous work (Dobrev et al., 2017), where most of the
available data were from a scanning LDV system with a sin-
gle sensitivity axis (i.e., only one velocity component).
B. Averaged response of the skull surface
1. Absolute levels of skull motion
Based on the absolute level (raw) data displayed in Fig.
4, at mid and high (>2 kHz) frequencies, the forehead stim-
ulation appeared to activate the skull’s surface an average of
7–12 dB greater than mastoid stimulation. Based on the
spatial distribution of the deformations in Figs. 9 and 10,
specifically at 2 kHz, the stronger response with forehead
stimulation was likely due to increased activity of the parie-
tal bones in vicinity of the stimulation location. However,
hearing thresholds have been shown to be equal or better for
ipsilateral and contralateral mastoid stimulation (Ito et al.,
2011) than for forehead stimulation. This suggests that the
cochleae are not “directly” excited from the parietal or the
frontal bones. This hypothesis is supported by discrepancies
in the wave fronts’ origins and actuator location observed in
wave patterns across the skull surface under mastoid stimu-
lation (Fig. 9). This could suggest that the actuator may be
more efficient if implanted at the mastoid in order to provide
more direct stimulation of the ipsilateral cochlea (Dobrev
et al., 2019). This has been evidenced by recently developed
BCHAs (Håkansson et al., 2010; Reinfeldt et al., 2015;
Dobrev et al., 2018).
2. Contribution of individual motion components
Evaluation of the contribution of each motion compo-
nent, relative to the combined motion allows for observation
of the intrinsic behavior of the heads without the frequency
dependence of the actuator, assuming a linear response of
the cadaver heads (Håkansson et al., 1986).
Data displayed in Fig. 5(A) and 5(B) indicate that over-
all, the head followed the stimulation direction but only at
low frequencies (<1.5 kHz), and even then, there was sub-
stantial contribution from other components. In the case of
mastoid stimulation, the average response along the stimula-
tion direction was only 2–4 dB larger than the other two
orthogonal components. This is likely because the stimula-
tion was applied at the base of the head, near the support
structure. As indicated by both the current (Fig. 6) and pre-
vious work (Hoyer and Dortheide, 1983; McKnight et al.,
2013; Dobrev et al., 2017), cadaver head motion at such fre-
quencies is rigid-body-like, thus heavily dependent on sup-
port (boundary) conditions. Thus, when stimulation is
applied near the support location, the dynamics of the sup-
port structure (boundary conditions) has to be taken into
consideration and could affect the cadaver head dynamics.
Stimulation further away from the base (support) of the
head, as is the case with forehead stimulation [Fig. 5(B)],
resulted in 3–12 dB greater dominance than for other com-
ponents of the motion along the stimulation direction.
Again, this could be explained as an effect of the specific
boundary conditions, where the force of application further
away from the support of the sample would result in more
deflection from the neutral position. In other words, stimula-
tion further away from the skull base results in lower stiff-
ness, which is the real part of the impedance, as seen by the
actuator at lower frequencies.
Further, stimulation at higher frequencies (>1–2 kHz),
resulted in an insignificant difference between the individual
components of the average response across the skull surface.
Such behavior has been previously observed with the mea-
surement of the spatial motion (i.e., all orthogonal
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components) of the promontory response (Dobrev et al.,
2019; Stenfelt and Goode, 2005b). However, even if a
“pure” unidirectional stimulation could be applied, there is
no conclusive evidence that any particular direction is opti-
mal for providing significantly stronger transmission for
cochlear activation (Chang et al., 2018; Chang and Stenfelt,
2019). This may suggest that stimulation direction of bone
conduction hearing aids is not crucial for setting the skull
into vibration and thus for hearing, particularly above 1 kHz.
Thus, it could be hypothesized that the magnitude of the
combined motion and the effects of the relative deforma-
tions between the different sections of the skull, between
stimulation location and cochlea, are more relevant for
cochlear activation than any particular stimulation direction.
The motion composition of the local coordinate system
is indicative of the contribution of the local bending and in-
plane compression components (Dobrev et al., 2017).
Stimulation at the mastoid resulted in a nearly equal (1–3 dB
difference) contribution of tangential and normal compo-
nents that was not frequency dependent. Stimulation at the
forehead showed a trend of increasing contribution of the
tangential motion (specifically TNORTH) with frequency.
This contradicts previously observed behavior (Dobrev
et al., 2017); however, past measurements were done on the
superior most section of the parietal bone only, which might
not be sufficiently representative of the full skull area as
measured in the present study. Nevertheless, both data sets
indicate a general trend of comparable contributions from
both tangential and normal components above 1 kHz. This
trend could be attributed to a potential change in the behav-
ior of the wave motion across the skull surface with increas-
ing frequency. Namely, there is a transition from spherical
shell bending, predominantly of the normal components to
plate extension waves, predominantly of the tangential com-
ponents, as suggested by McKnight et al. (2013).
Combining observations for the local behavior of the
skull and the apparent insensitivity of the skull to the stimula-
tion direction above 1 kHz, it could be hypothesized that radi-
cally different types of bone conduction actuators could be
designed in the future that stray away from the traditional





future actuators could be optimized to induce local (out-of-
plane) bending or tangential (in-plane) compression of the
skull surface, as suggested by previous work (Adamson
et al., 2010).
C. Rigid body motion fit and composition
1. RBM fit
Both RBM fit metrics as well as the absolute value com-
parison between the RBM fit and the measured data indicated
that there is a “transition” frequency (Dobrev et al., 2017;
Stenfelt, 2011), above which the motion pattern changes
from predominantly rigid motion, with translation and rota-
tion, to predominantly local deformations. The skull surface
exhibits this transition frequency between approximately
1–2 kHz, which is comparable to values seen before by
surface velocity scans of smaller sections (<10–12 cm diam-
eter) of the skull (0.5–1 kHz reported by Dobrev et al., 2017)
as well as the full surface of dry skulls (0.68–0.8 kHz
reported by McKnight et al., 2013). However, this transition
frequency is higher than the values observed in measure-
ments of promontory motion (0.5–0.6 kHz) (Dobrev et al.,
2019) and local impedance at individual points (0.3–0.5 kHz)
on the skull surface (Stenfelt and Goode, 2005b). The differ-
ences with the local impedance measurements could be
attributed to different coupling methods except for the prom-
ontory response, which was acquired with equivalent cou-
pling (Dobrev et al., 2019). In this case, discrepancies could
be explained by potential differences in the transition fre-
quencies of the upper sections of the skull and the temporal
bone containing the cochlea. More detailed discussions on
this topic are in Sec. IVD1. The threshold values for each
metrics were defined based on previous experience (Dobrev
et al., 2017) and visual (qualitative) correlation with corre-
sponding surface motion patterns.
Even below the transition frequency, the RBM model
fitted well to only some of the motion components with sig-
nificant deformations (<10 dB normalized difference with
the measured motion) along other components, independent
of stimulation condition. This suggests that the skull could
be experiencing deformations along specific directions at
lower frequencies than previously expected. One such mode
of deformation could be the “mass-spring” mode with pre-
dominant deformations along the X-axis (Stenfelt, 2011;
McLeod et al., 2018).
2. RBM composition
The composition of the RBM of the heads depends on
the stimulation position for low frequencies, as expected
from the averaged data displayed in Fig. 6. The predominant
direction of motion followed the direction of stimulation;
however, there was still significant motion in at least one
more direction due to the complicated rotation motions that
the heads underwent. This was evident by the limited differ-
ence, of only 1–5 dB on average, between the strongest and
the second strongest translation motion component below
1 kHz, for both stimulation locations. The resultant RBM
rotations did not follow the stimulation direction in a simple
manner. For example, for forehead stimulation [Figs. 7(C)
and 7(D)], the heads underwent predominantly rotation
around the Y axis (15 dB higher than other components
below 0.5 kHz), which is parallel to the stimulation direc-
tion, instead of perpendicular as expected from the simple
case scenario. In the case of mastoid stimulation [Figs. 7(A)
and 7(B)], the heads underwent complex rotational motion
with comparable (1–7 dB difference) contribution from all
components below 1 kHz. Again, this could be attributed to
an effect from the support of the heads combined with the
close proximity of the stimulation location to the support
area at the skull base. In general, stimulation further away
from the base resulted in a “purer” rigid-body-like motion
below 1 kHz. At frequencies >1 kHz, the RBM fit error
1998 J. Acoust. Soc. Am. 147 (3), March 2020 Dobrev et al.
https://doi.org/10.1121/10.0000933
metrics (Fig. 6) indicated significant deformations, evi-
denced by wave motion (Figs. 9 and 10) as well as a mixed
contribution from all components (Fig. 5). Thus, interpreta-
tion of the RBM fit at those frequencies was not done.
D. Wave patterns across the skull surface
Analysis of the surface wave patterns on the skull sur-
face at mid and high frequencies allows for quantification of
the behavior of various sections the skull under different
stimulation conditions. Analysis of such data allows for the
evaluation of the direction and speed of the local wave motion
for a given actuator location and stimulation direction.
1. Wave origin and plate interaction
Overall, the visually identifiable origin of the wave pat-
terns did not coincide exactly with the location of the Baha
actuator for either mastoid or forehead stimulation at any
frequency. The wave pattern for the mastoid stimulation
(Fig. 9) originated from approximately the anterior part of
the interface between occipital and parietal plates; however,
this was up to 5–7 cm away from the actuator location. This
discrepancy was even more apparent for stimulation at the
forehead (Fig. 10), where the wave “origin” appeared to be
the whole semi-circumference of the parietal-frontal inter-
face. In both cases, the wave origin was not a localized spot
(within one point of the scan grid), but a larger section
(>5–10 cm2), approximately at the interface between the
skull plates.
Based on these observations, it can be hypothesized that
the thicker skull sections (i.e., occipital, temporal, and fron-
tal) exhibit rigid-like motion up to higher transition frequen-
cies. This is supported by previous work indicating
significant spatial variation in the effective Young’s modu-
lus across the skull (Boruah et al., 2017). Thus, when BC
stimulation is applied at a stiffer section, that section could
move rigidly up to higher frequencies and beyond the transi-
tion frequency of surrounding sections with lower stiffness.
In such a scenario, the stiffer sections could act as a large
source for the wave patterns of deformations observed for
the neighboring less-stiff sections such as the parietal bone,
operating beyond their transition frequency.
Similarly, the higher stiffness of the bone near and
around the cochlea could result in predominantly rigid body
motion of the cochlea up to higher transition frequencies
than the parietal plates, which in turn could reduce stimula-
tion location dependence on the effective cochlear activation
and hearing dependence in the vicinity of the cochlea. This
is evidenced by clinical and experimental data showing that
hearing threshold and promontory motion are comparable
for stimulation at several locations on the mastoid (Dobrev
et al., 2016). This is also supported by finite element model
predictions (Chang and Stenfelt, 2019), which have shown
no influence on cochlear promontory motion between two
BCHA actuators implanted in the mastoid, regardless of sig-
nificant differences in their implantation position, housing
geometry and interface with the mastoid’s bone (BCI by
Håkansson et al., 2010; Bonebridge
VR
, MED-EL, Austria).
2. Wave speed variations
The spatially varying stiffness could be affecting the
spatial distribution and frequency dependence of acoustic
power flow within the skull for a given stimulation location
(Chang et al., 2018), specifically the concentration of sound
power flow in the inferior sections of the skull below
3–4 kHz. This was consistent with the observed skull surface
behavior in the current study, where most of the vibrations
for mastoid stimulation occurred in the inferior sections of
the skull. Even for forehead stimulation, where the stimula-
tion location was on the superior sections of the skull, a sig-
nificant portion of the motion was at the inferior sections
below 3 kHz. At frequencies above 6–8 kHz, all skull sec-
tions underwent deformations, as expected from the numeri-
cal predictions showing more uniform power flow
distribution (Chang et al., 2018).
Comparing data in Figs. 9 and 10 indicates that the var-
iations in the spatial density of local extrema in the velocity
maps appears to be related to the individual samples, rather
than coupling and stimulation location. Since this corre-
sponds to a difference in the wave propagation speeds
though the skull bone, it is hypothesized to be caused by dif-
ference in the material properties, micro-structure (bone
porosity) or (and) thickness of the skull plates between
heads (Boruah et al., 2017).
3. Skull wave patterns and hearing sensation
It should be noted that since all motion components are
measured at every point, the presented measurements are
sensitive to all types of modes of motion and wave propaga-
tion that involve the outer (lateral) surface of the skull bone
and are sufficiently persistent during the recoding time.
However, data in Figs. 5(C) and 5(D) indicate a mixture of
vibration directions locally, with approximately equal
response from both tangent and normal components, espe-
cially at higher frequencies (>2 khz), where local deforma-
tions seem to be dominant part of the motion of the skull.
Even in geometrically simple shells or plates, there could be
several vibration modes and corresponding modes of wave
propagation (McKnight et al., 2013). In addition, by
accounting for the addition structural and geometrical com-
plexity, the existence of even a greater range of propagation
modes could be hypothesized. Some propagation modes,
such as the in-plane compression, have estimated propagation
speeds of up to 1500m/s, which is 3–4 times faster than the
wave speeds observed in the current study (350–450m/s)
based on steady state response data. However, even the
slower modes of propagation observed here would reach the
contralateral cochlear in the 200–500ls range, making them
relevant for the transmission of speech. In addition, there
appear to be wavefronts propagating in several different
directions—some circumferentially travelling to a diametri-
cally opposing area and some traveling though the skull base,
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resulting in vastly (2–5) different trajectory lengths to reach
the contralateral cochlea. This could result in interferences
between wavefronts not only due to different modes of propa-
gation, but also due to different propagation paths. Based on
that, we hypothesize that in most cases the skull motion is
spatially and temporally complex convolution of several
modes of wave propagation. More detailed analysis of this
motion could be achieved by transient excitation and record-
ing. The exact relation between skull motion and the corre-
sponding hearing sensation is still unclear (Kim et al., 2011;
Stenfelt, 2015, 2016).
V. CONCLUSIONS
The 3D LDV data acquired in this study indicate that
the skull surface undergoes complex spatial motion with
similar contributions from all motion components under all
stimulation modes. The stimulation direction of a bone con-
duction hearing aid is probably of minor importance. Skull
motion at low frequencies depends on site of stimulation.
The source of sound propagation on the parietal plates of the
skull is not the same as the location of the stimulator, sug-
gesting different mechanical behavior of the different sec-
tions of the skull, which needs to be taken into consideration
for contralateral stimulation. However, for ipsilateral stimu-
lation, coupling at the mastoid is not sensitive to the exact
coupling location, making it a more robust stimulation loca-
tion for clinical audiometry and coupling of transcutaneous
BCHA.
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